Slabaugh JL, Brunello L, Gyorke S, Janssen PM. Contractile parameters and occurrence of alternans in isolated rat myocardium at supra-physiological stimulation frequency. Am J Physiol Heart Circ Physiol 302: H2267-H2275, 2012. First published March 30, 2012 doi:10.1152/ajpheart.01004.2011The cardiac refractory period prevents the heart from tetanic activation that is typically used in noncardiac striated muscle tissue. To what extent the refractory period prevents successive action potentials to activate the excitation-contraction coupling process and contractile machinery at supra-physiological rates, such as those present during ventricular fibrillation, is unknown. Using multicellular trabeculae isolated from rat hearts, we studied amplitude and kinetics of contraction at rates well above the normal in vivo rat heart range. We show that even at twice the maximal heart rate of the rat, little or no mechanical instability is observed; twitch contractions are at steady state, albeit with an elevated active diastolic force. Although the amplitude of contraction increased within in vivo heart rates (positive force-frequency response), at frequencies beyond the maximal heart rate (10 -30 Hz) a steady decline of contractile amplitude is observed. Not until 30 Hz do the majority of the isolated muscle preparations show mechanical alternans, where strong and weak beats alternate. Interestingly, unlike striated limb skeletal muscle, fusing of twitch contractions did not cause a continuous increase in peak force: at frequencies of 10 Hz and above, systolic force declines with relatively little elevation in diastolic force. Contractile kinetics continued to accelerate, from 1 Hz up to 30 Hz, whereas the relative speed of contraction and relaxation remained closely coupled, reflected by a singular linear relationship between the maximal and minimal derivative of force (dF/dt). We conclude that cardiac muscle can produce mechanically stable steadystate contractions at supra-physiological pacing rates, while these contractions continue to decline in amplitude and increase in diastolic force past maximal heart rate.
THE INITIATING EVENT IN CARDIAC excitation-contraction coupling (E-C coupling) is the action potential (AP).
Between consecutive APs in the heart there is a refractory period in which a second AP cannot be initiated. The long AP duration in the cardiomyocytes serves two purposes. First, the refractory period acts as a protective mechanism in the heart by preventing multiple APs from occurring via limiting the frequency of depolarization and, therefore, heart rate. Second, it allows for proper relaxation of the ventricles before the next heart beat (4, 15) . This is extremely important because at very high heart rates the heart would be unable to adequately fill with blood, and, as a result, the volume of a subsequent ventricular ejection would be reduced.
In response to an AP, there is an influx of Ca 2ϩ through the L-type Ca 2ϩ channel. This causes the activation of Ca 2ϩ release from the sarcoplasmic reticulum (SR) through ryanodine receptor (RyR) channels, in turn initiating the shortening of the contractile elements and myocardial contraction in systole. Following robust activation, SR Ca 2ϩ release terminates as a result of a combination of loss of Ca 2ϩ from the SR and deactivation of RyRs (9, 18) . The bulk of cytosolic Ca 2ϩ is then recycled back to the SR by the sarco(endo)plasmic reticulum Ca 2ϩ -ATPase (SERCA) pump (some is removed from the cell by Na ϩ -Ca 2ϩ exchange) leading to myocardial relaxation in diastole. Of note, following the refilling of the SR with Ca 2ϩ , SR Ca 2ϩ release cannot be activated immediately due to RyRs remaining deactivated (9, 30) . This contributes to mechanical refractoriness, which is important for myocardial relaxation. Thus, the heart rate is limited by Ca 2ϩ signaling dynamics, and alterations in Ca 2ϩ cycling cause disturbances in rhythmic beating such as mechanical alternans (19) .
The force frequency relationship (FFR) is an important intrinsic regulator of myocardial function. In all mammals, within their respective normal range of heart rates, there is a positive FFR, or more force at higher frequencies. In smaller mammals such as rats and mice (20, 28) , the FFR is less steep (almost flat) as compared with larger mammals (15, 33) . Extremely high frequencies above normal heart rates, however, are typically described as relatively unstable and may spontaneously give rise to arrhythmic episodes. The underlying mechanism of the FFR is only partially understood; however, it has been shown that when frequency increases, there is an increase in both the amplitude of the Ca 2ϩ transient and SR Ca 2ϩ load (6) . With the increase in frequency, there is more Ca 2ϩ that enters through the L-type Ca 2ϩ channels, which, in turn, causes an increase in Ca 2ϩ transport back into the SR via SERCA (6) . Therefore, at subsequent beats, more Ca 2ϩ is available to be released from the SR. Initially, more Ca 2ϩ enters the cell than leaves the cell until a steady state is reached. In addition, relaxation at higher frequencies is aided by desensitization of the myofilaments, allowing for a more rapid force decline at prevailing high Ca 2ϩ concentrations (31, 32) .
Pathologically, specifically after an ischemic insult, the heart can develop ventricular fibrillation. During ventricular fibrillation in humans, the ventricular myocardium has a power spectrum with defined peaks near 4 -6 Hz (22) , indicating an electrical activation of (regions of) the ventricle at supraphysiological rates. It is incompletely understood to what extent the electrical activity translates to mechanical activity at these high heart rates, since little or no mechanical data are available on myocardial contractile activity at supra-physiological rates. In the present study, we investigated the ability of the myocytes themselves to contract at high pacing rates in their multicellular setting in small ventricular trabeculae from rat and mouse.
MATERIALS AND METHODS
All protocols were in accordance with the guidelines of and approved by the Animal Care and Use Committee of The Ohio State University. Male LBN-F1 rats (ϳ175-200 g) were anesthetized using an intraperitoneal injection of pentobarbital sodium (60 mg/kg). The chest was opened by bilateral thoracotomy, and 1,000 units of heparin were injected at the apex of the heart. The heart was rapidly excised and placed in a Krebs-Henseleit (K-H) buffer containing (in mM) 137 NaCl, 5 KCl, 1.2 NaH 2PO4, 1.2 MgSO4, 20 NaHCO3, 0.25 CaCl2, and 10 glucose. 2,3,-Butanedione monoxime (BDM; 20 mM) was added to the dissection buffer to prevent cutting injury (21) . Exposure to BDM for a short period of time has been shown to be reversible (14) . Hearts were cannulated via the ascending aorta and retrogradely perfused using K-H buffer with the addition of BDM. This buffer was kept in equilibrium with 95% O 2-5% CO2, producing a constant pH of 7.4. After the blood was removed, the right ventricle was opened and thin, uniform, nonbranched trabeculae (average dimensions were 211 Ϯ 0.02 m wide, 140 Ϯ 0.01 m thick, and 1.26 Ϯ 0.09 mm long) were extracted and then mounted between a platinum-iridium force transducer and a hook connected to a micromanipulator as described previously (13, 23, 34 ). The cardioplegic K-H was replaced with a normal, oxygenated K-H solution, and the muscle was stimulated at 1 Hz, 37°C, and at an extracellular Ca 2ϩ concentration of 1.5 mM, until contractile parameters had stabilized (ϳ20 min). The trabeculae were stretched to a length where further stretching raised diastolic and systolic force proportionally. It has been shown that this muscle length corresponds with a sarcomere length of around 2.2 to 2.3 m (24). Thereafter, the FFR was established on each muscle by stimulating the muscle to twitch at 1, 2, 4, 8, 10, 15, 20, 25, and 30 Hz, respectively. The muscles were stimulated for ϳ30 s to 1 min to reach a steady state at each given frequency. Data were collected when the developed force remained consistent. The cross-sectional area of the trabeculae was used to normalize the force development to allow for comparison between muscles of different diameters.
In subsets of trabeculae, low (0.5 mM) and high (4.0 mM) extracellular Ca 2ϩ concentrations were used. In a third series of experiments, muscles were loaded with the Ca 2ϩ indicator Rhod-2, according to established protocols. Isolated trabeculae were loaded with 40 M Rhod-2 AM, which was dissolved in 2% pluronic (20% wt/vol) in 1 ml K-H buffer with the addition of TPEN (4.3 mg/l) and cremphor (5 mg/l), in a bath for 45 min at room temperature, and the stimulation was turned on to 1 Hz during the last 5 min of incubation. After washout, force was assessed while simultaneously intracellular calcium transients were assessed on an Olympus confocal microscope. In a final series of experiments, murine trabeculae were assessed under nearly identical conditions as described for the rat above.
All forces were calculated as specific force by dividing the total force by the cross-sectional area of the muscle and are given in mN/mm 2 . From the recordings, work was taken as area under the curve. Systolic work was calculated by subtracting the lowest force point during a tracing (diastolic force) and adding area under the curve for a record of 1,000 ms. Diastolic work was taken as the difference between passive, unstimulated tension (set to 0) and diastolic force by adding area under the curve for a record of 1,000 ms.
Data were collected and analyzed using custom-designed software (LabView; National Instruments). ANOVA was used for statistical analysis of the frequency data, with post hoc t-test where applicable. All data shown are means Ϯ SE, and two-tailed P values below 0.05 were accepted as being significant.
RESULTS
To investigate the FFR, we stimulated muscles with frequencies spanning the breadth of the in vivo range as well as rates that far exceeded the normal heart rates. In Fig. 1A , as expected, the developed force showed a positive FFR in the normal frequency range for the rat (5-8 Hz) increasing from 17.0 Ϯ 1.6 to 27.0 Ϯ 3.1 mN/mm 2 . However, in the range of 10 -30 Hz there is a decrease in the developed force from 22.0 Ϯ 2.2 to 0.9 Ϯ 0.2 mN/mm 2 , indicating a negative FFR. It is important to note that although the force is significantly decreased at the higher frequencies, the twitches remain normal until ϳ20 Hz where alternans begin to form. The active diastolic force (i.e., unstimulated resting tension subtracted), also shown in Fig. 1A , exhibits an increase with an increase in stimulation frequency (from 0 mN/mm 2 at 1 Hz to 11.6 Ϯ 0.2 mN/mm 2 at 30 Hz). At higher frequencies, above 15 Hz, the increase in diastolic force is severely amplified. The total force was calculated and plotted with both the developed force and diastolic force. The total force displays the same trend as the developed force, with the average increase in force from 17.0 mN/mm 2 at 1 Hz to 28.3 mN/mm 2 at 8 Hz followed by a decrease in force thereafter; however, at both 25 and 30 Hz, the total force was increased slightly due to the dramatic increase in the diastolic force at these frequencies. Figure 1B shows force tracings at 1, 8, and 20 Hz. Although most muscles show alternans between 20 and 30 Hz, we here illustrate that although muscle-to-muscle variation exists, it is possible to rhythmically contract a cardiac muscle at three times the in vivo maximal rate. We observed that developed force increases from 1 to 8 Hz, but there is a decrease in developed force with the increase from 8 to 20 Hz, consistent with the average data shown in Fig. 1A . Again, the data shows an increase in diastolic force with the increase in frequency from 1 to 20 Hz.
Next, we investigated the twitch dynamics as well as the force decline. Figure 1D shows that the time from stimulation to peak tension (TTP) decreases with an increase in frequency from 66.2 Ϯ 1.9 ms at 1 Hz to 18.8 Ϯ 1.9 ms at 30 Hz. The time to 50% tension decline (RT50), observed in Fig. 1C , also shows a decrease with an increase in frequency from 31.9 Ϯ 1.2 ms at 1 Hz to 9.8 Ϯ 0.3 ms at 30 Hz. However, given the high active diastolic force, the quantitative nature of RT50 is highly influenced by the abbreviated twitch interval. The correlation between the maximal speed of contraction versus the maximal speed of relaxation was assessed for all frequency conditions between 1 and 30 Hz and is shown in Fig. 2 . There is a positive correlation with the increase in stimulation frequency from 1 to 30 Hz. From 1 to 8 Hz, the speed of contraction and relaxation increases proportionally, and from 10 to 30 Hz the decrease is proportional. Overall, this proportional change over the entire spectrum was very tight, with a correlation coefficient (R 2 ) of 0.992, which indicates that frequency changes the maximal speed of contraction and maximal speed of relaxation proportionally similar to the in vivo frequency range (11, 12) .
Mechanical alternans were only observed at frequencies well beyond the in vivo range. Figure 3 illustrates the number of normal experiments versus the number of experiments that produced alternans during data collection. All through the frequency range of 1-15 Hz, there were no alternans observed, and 17 out of 17 muscles twitched normally (i.e., with constant amplitude on a beat-to-beat basis). However, at 20 Hz, alternans became apparent and only nine out of 17 experiments contained normal twitches. This dropped to two out of 17 for 25 Hz and four out of 17 for 30 Hz, respectively.
When muscles were loaded with the Ca 2ϩ indicator Rhod-2, we observed alternans by 10 Hz, in six out of six muscles. Figure 4 illustrates calcium transient alternans in a single trabeculae that has been loaded with the Ca 2ϩ indicator and stimulated to contract at 10 Hz. Contractile behavior up to 10 Hz was virtually identical to non-dye-loaded preparations, indicating a dye-specific interference with normal function.
Systolic work (calculated as area under the curve with diastolic force subtracted) is represented in Fig. 5 and demonstrates the work performed over the course of 1,000 ms. The data show an increase in the work from 1 to 8 Hz, 0.40 Ϯ 0.08 N/mm 2 *ms to 1.9 Ϯ 0.3 N/mm 2 *ms, respectively. However, as the force declines, so does the work from 1.8 Ϯ 0.2 N/mm 2 *ms at 10 Hz to 0.5 Ϯ 0.2 N/mm 2 *ms at 30 Hz. Diastolic work (area under the curve from unstimulated passive force to diastolic force), also over the course of 1,000 ms, illustrates an In healthy rats, the FFR shows a positive inotropic and lusitropic effect with both contractility and relaxation rates increasing as heart rate increases independent of preload or ␤-adrenergic stimulation. However, at frequencies of 10 Hz and higher, which is well above the attainable in vivo rate, there was a decrease in the systolic force as stimulation frequency was increased. The active diastolic force increases as the frequency is increased from 1 to 30 Hz, ϳ11 mN/mm 2 over this range. The total force (diastolic force plus developed force) has a similar trend to the developed force; however, as the diastolic force is dramatically increased between 25 and 30 Hz, the total force is also significantly increased. In B, actual twitches are shown that were taken from a single muscle that was stimulated at 1, 8, and 20 Hz. These data indicate an increase in the developed force production from 1 to 8 Hz, whereas there is a decrease in the systolic force when the frequency reaches 20 Hz. The diastolic force increases as the stimulation frequency increases from 1 to 20 Hz. The time-to-peak kinetics (D) decreases significantly as the frequency increases. The relaxation time, shown in C, also demonstrates a decrease as the frequency is increased. Values given are means Ϯ SE from 17 trabeculae. RT50, time to 50% tension decline; TTP, time from stimulation to peak tension. *P Ͻ 0.05 vs. 1 Hz.
increase in work over the range of frequencies from 1 to 30 Hz (from 0.12 Ϯ 0.03 to 6.2 Ϯ 2.6 N/mm 2 *ms). In Fig. 6 To test whether the extracellular Ca 2ϩ concentration impacts the FFR at these high frequencies, we assessed the FFR at both 0.5 mM and 4 mM Ca 2ϩ in the same trabeculae. The data were normalized to the 1 Hz developed force value at a Ca 2ϩ concentration of 0.5 mM. As seen in Fig. 7 , there was a positive FFR from 1 to 8 Hz with a maximal force occurring at 8 Hz in both the low and high extracellular Ca 2ϩ concentrations. The maximal force has not shifted and remains the same despite the change in Ca 2ϩ concentration. The FFR then decreases from 10 to 30 Hz. To show that these high frequency contractions can be observed in other mammals, in Fig. 8 we show force tracings of mouse trabeculae over a frequency range from 4 to 40 Hz. The tracings in Fig. 8A illustrate frequencies within the normal, physiological frequency range of the mouse where the active force is increased with increasing frequency, and frequencies that well exceed the in vivo heart rates of the mouse. Just as it was shown in rat, it is possible to rhythmically contract a cardiac muscle at approximately two to three times the in vivo maximal rate. Mechanical alternans appeared at ϳ24 Hz or above. Figure 8B shows the averages for all n ϭ 4 muscles assessed.
DISCUSSION
The present study demonstrated that in rats, under high frequency conditions that are well above the normal heart rate, the isolated trabecula is able to twitch normally until 20 Hz. This implies that the excitation-relaxation period in myocytes within isolated multicellular myocardium is short enough that under physiologically relevant conditions mechanical alternans cannot occur. At well beyond twice the maximal in vivo heart rate of the rat, alternans begin to appear in approximately half of the muscles. Alternans are seen, at both 25 and 30 Hz, in the vast majority of preparations. We have also seen similar results in mouse trabeculae, where the alternans also start to appear at approximately twice the in vivo heart range. To our knowledge, this is the first report showing the mechanics of preloaded ventricular muscle tissue at supra-physiological frequencies at body temperature. Our results indicate that even in the frequency-spectrum of ventricular fibrillation, which is roughly double the maximal attained heart rate (22), controlled and regular mechanical activity of the myocardium can be maintained.
The vast majority of research in this area is experimentally focused on myocytes, which are typically assessed in their unloaded nature and at low sarcomere length. Due to the lack of significant load, relaxation of single myocytes is not aided by recoil properties provided by the extracellular matrix that support the ventricle in relaxation. As a result, rate of pacing of isolated myocytes is typically limited to the low end of the in vivo range of the species. Previous studies have shown that multicellular trabeculae contain virtually all the contractile properties of the ventricle (5). In the multicellular preparation we show here that we can study frequencies that span in vivo range and beyond (16, 28) . Therefore, in trabeculae, extremely low frequencies as well as very high frequencies that exceed the in vivo range can be studied. We observed that in healthy rat and mouse myocardium the effective refractory period is sufficiently short to allow for alternans-free contractions at frequencies exceeding twice the maximal heart rate.
Under our experimental conditions, rat trabeculae demonstrated a distinct positive force-frequency response within the rat's physiological in vivo frequency range, with the maximal force occurring at 8 Hz. These data are consistent with previous findings that have analyzed the FFR in similar rat models at physiological temperature (16, 20, 23) . At frequencies exceeding this in vivo range, force declines, and there was a negative FFR that developed over the range of frequencies from 10 to 30 Hz. The positive force-frequency response observed in the rat trabeculae is also seen among other mammalian species for their respective physiological frequency range, including rabbit, dog, and humans (15) . This positive FFR is mainly due to the increased loading of the cell and SR with Ca 2ϩ when there is an increase in the frequency of action potentials (4) .
In principle, the negative FFR could be due to a failure of either membrane excitability or Ca 2ϩ cycling at high pacing rates. When both high and low extracellular Ca 2ϩ concentrations were examined, in addition to normal Ca 2ϩ conditions, the FFR was positive throughout the physiological frequency range, and the frequency at which maximal force was attained had not shifted. Because Ca 2ϩ is expected to prolong AP duration/refractoriness, this implies that reduced membrane excitability is not the major factor behind the negative FFR; the negative FFR is more likely attributable to constraints imposed by Ca 2ϩ handling, including time required for SR Ca 2ϩ uptake and refractoriness of SR Ca 2ϩ release. This implies that the amplitude of the Ca 2ϩ transient that is typically elevated by extracellular Ca 2ϩ concentration is not necessarily the major factor behind the negative FFR. By the reduction of the time between beats for recovery of the SR Ca 2ϩ release channel, the result would be a reduced fractional release of Ca 2ϩ (7, 8) , as reported at higher frequencies (26) . Consistent with the limiting role of Ca 2ϩ handling at pacing rates, previous restitution experiments showed that recovery of AP and I Ca occurs substantially faster than recovery of the Ca transient (2, 30) . In addition, at prevailing high Ca 2ϩ concentrations, the drive to remove Ca 2ϩ from the cytosol is high because both SERCA and NCX are highly activated. This, in turn, can abbreviate the duration of the Ca 2ϩ transient to such an extent that myofilaments have less time to bind Ca 2ϩ and only partially get activated. Using a SERCA1a expressing mouse, we have shown in the past that highly accelerated Ca 2ϩ removal can indeed shorten contractile activation and reduce force at high frequency (10) . In addition, we have shown previously that in rabbits, as frequency increases, the myofilaments desensitize for Ca 2ϩ (32, 33) . Although this is likely a protective mechanism to overcome the prevailing high diastolic Ca 2ϩ levels, it may, at very high frequency, also partially prevent activation of the thin filament, resulting in reduced force development. Finally, the decrease in force could also be a result of poor oxygenation of the core of the trabeculae. With the increase in stimulation frequency, there is a greater metabolic demand from the muscle due to the large increase in twitches per given time. As a result, the oxygen in the core of the muscle can become depleted and decrease contractility (23, 29) . However, For proof-of-principle and maximal translational relevance for in vivo physiology, we studied the high frequencies at physiological temperature and at physiological Ca 2ϩ concentration in the superfusate. Further studies, possibly using nonphysiological temperature, or nonphysiological Ca 2ϩ concentrations, could be employed to distinguish between these possible mechanisms underlying the reduced force development at supra-physiological frequencies.
Diastolic force was also affected by an increase in frequency. When the frequency was increased, diastolic force also increased. This was especially true for frequencies well above the normal frequency range for the rat, where the diastolic force at 30 Hz was over ten times as high as the diastolic forces seen in the normal frequency range (ϳ5-9 Hz). Interestingly, however, systolic (peak) force declined at frequencies of 10 Hz and higher, where the increase in active diastolic force was still much less pronounced. Thus, unlike striated skeletal muscle tissue, rapidly successive twitch contractions did not move the contractile profile to a sawtooth tetanus, but resulted in a sawtooth pattern with a decline in peak force. Thus, unlike skeletal muscle tissue, twitch amplitude was severally reduced at higher frequencies. We hypothesize this is due to the heart's ability to rapidly deactivate as well as likely desensitize to activator Ca 2ϩ . As a result, despite elevated diastolic Ca 2ϩ levels that have been shown to occur at higher pacing rates in myocardium (27, 32) , the combination of rapid resequestration of cytosolic Ca 2ϩ back into the SR combined with a desensitization of myofilaments for activator Ca 2ϩ (32) results in a decline of peak force.
Both the twitch dynamics and force decline measurements taken from the trabeculae showed a decrease in the timing parameters with an increase in the pacing frequency through the entire tested spectrum . This is the typical trend that is seen in the rat that is paced at successive, increasing frequencies. The findings that the systolic work (reflected by area under the curve) increased from 1 to 8 Hz but then showed a decrease from 10 to 30 Hz, as well as the findings that the diastolic work increased over the entire range of frequencies, are in close agreement with the previous data that showed the Fig. 7 . The extracellular Ca 2ϩ concentration has been increased from 0.5 mM to 4 mM in the same trabeculae. The developed force has been normalized to the 1 Hz value at 0.5 mM Ca 2ϩ in these muscles. The force increases from 1 to 8 Hz, with the maximal force at 8 Hz in both the low and high extracellular Ca 2ϩ concentrations. The developed force then decreases, thereafter, from 10 to 30 Hz. Fig. 8 . A: actual twitches taken from a single mouse muscle that was stimulated over the range of 4 -40 Hz, which consists of the normal, physiological frequency range and supra-physiological frequencies. Some of the frequencies shown well exceed the in vivo heart rates of the mouse, and the data show that it is possible to rhythmically contract a mouse cardiac muscle at ϳ2 to 3 times the in vivo maximal rate. B: average of n ϭ 4 muscles. *P Ͻ 0.05. FFR and diastolic force measurements (20) . From our kinetics analysis, there was a positive correlation between the maximal speed of contraction versus the maximal speed of relaxation in the physiological range of frequencies for the rat. As the increase of the stimulation frequency moves past the physiological range (typically 5-9 Hz), both the maximal rates of positive and negative force development (ϩdF/dt and ϪdF/dt) become negative simultaneously, maintaining a near perfect correlation (R 2 Ͼ 0.99), implying that the contraction-relaxation coupling remains kinetically linked as shown for the conditions within the in vivo ranges of preload and frequency (11, 12) .
Mechanical alternans, as seen in the isolated rat trabeculae at frequencies of 20 Hz or higher, occur when the contraction amplitude alternates from one beat to the next at a constant frequency. AP duration alternans, which is an electrophysiological manifestation of Ca 2ϩ and mechanical alternans, has been implicated in the genesis of malignant arrhythmia in various pathologic settings, such as heart failure and ischemic heart disease, by providing a substrate for reentrant activity (19, 35) . Although the exact mechanisms of alternans continue to be debated, generally it is thought that alternans arises whenever myocyte Ca 2ϩ cycling cannot keep up with the pacing rate (19) . Our study shows that normal myocardium is highly resistant to alternans even at very high stimulation frequencies. This suggests that the occurrence of alternans in the settings of cardiac release is likely to involve alterations in the intrinsic properties of Ca 2ϩ handling such as impairment of RyR function due to excessive oxidation by reactive oxygen species (3).
Technical limitations relating to the kinetics of the dye-Ca 2ϩ interaction and increased dye leakage at high frequency unfortunately prevented, at present, the use of commonly used fluorescence Ca 2ϩ indicators to assess Ca 2ϩ transients. Although calibrated Ca 2ϩ transients in rat myocardium can be assessed within the physiological range (16, 20) , at physiological temperature we found that at frequencies exceeding 10 Hz the loss of dye from the contracting muscle was accelerated significantly. Moreover, in a subset of muscles that were loaded with the Ca 2ϩ indicator Rhod-2 AM, alternans were already observed at 10 Hz (in 6 out of 6 muscles). Without the dye, alternans were not observed until 20 Hz, leading us to conclude that there is a significant experimental impact of the dye on Ca 2ϩ transients. Combined, this prevented us from obtaining reliable Ca 2ϩ transients in a single muscle at supraphysiological rates. In addition, this dye-interference may partially explain why previous investigations (1, 17, 25) have found alternans at much lower rates than in the present study and underline how caution is needed when performing/interpreting experiments where Ca 2ϩ -indicator dyes may significantly interfere with Ca 2ϩ cycling. In conclusion, the present study demonstrates that even at extreme high frequency conditions that are well above the normal heart rate, the isolated rat and mouse trabeculae is able to contract without developing arrhythmias or mechanical alternans. Assessment of the FFR revealed that the greatest forces are produced at physiological frequencies; however, the muscles are still able to contract at much higher frequencies, even up to two to three times the physiological range of pacing in both mouse and rat. Mechanical alternans were only observed at 20 Hz or higher (rat) or 24 Hz and higher (mouse) and are most likely due to the severe shortening of the cardiac cycle.
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